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Infection of the lung epithelial cell line A549 by respiratory syncytial virus (RSV) resulted in the elevated synthesis of
multiple cellular cytokines, including a number of interleukins (ILs). Detailed studies of IL-11 induction revealed that it
required infection by viable virus and involved a net increase in the steady state level of IL-11 mRNA. Nuclear run-on assays
showed a direct effect of RSV on IL-11 gene transcription. Mutational analysis of the IL-11 promoter fused to a reporter
luciferase gene demonstrated the requirement of a region 720 nucleotides upstream of the mRNA start site in the transcrip-
tional induction of IL-11 by RSV. Two nearly identical 10-nucleotide-long sequences GGGGTCTCCC and GGGTCTCCCC in
this region resembled the NF-kB consensus motif. Mutation of either sequence greatly reduced RSV-mediated induction of
IL-11 promoter activity. NF-kB sites in IL-1a, IL-6, and IL-8 promoters were also required for RSV-mediated induction of
transcription of these promoters. Immunological studies and use of reporter gene constructs provided direct evidence for
the activation and nuclear translocation of NF-kB by RSV. Sodium salicylate and aspirin, inhibitors of NF-kB activation,
abolished transcriptional induction of all these cytokines by RSV. Together, these studies demonstrated an essential role
of NF-kB in RSV-mediated transcription of multiple cytokines genes and suggested a possible use of salicylates in managing
airway inflammation and viral pathogenesis during RSV infection. q 1997 Academic Press
Human respiratory syncytial virus (RSV), a prototype enormous efforts over nearly two decades (Hall, 1994).
Of particular significance is the demonstration of a poten-member of the pneumovirus genus in the family Paramyx-
tial role of Th1 and Th2 lymphocytes in the immunopa-oviridae, is the major causative agent of respiratory dis-
thology of RSV. The Th1 subset is characterized by theease and death in young children (Anderson and Heil-
production of IL-2, TNF-b, and INF-a, and the Th2, byman, 1995; Hall, 1994), claiming nearly 3 million lives
interleukins 4, 5, 6, and 10, while both kinds of cellsworldwide. Immunity provided by natural RSV infection
produce GM-CSF and IL-3 (reviewed by Seder and Paul,is incomplete and reinfection is quite common. The viral
1994). Thus, Th1 cells are primarily involved in cellulargenome is a nonsegmented negative-strand RNA about
immunity, and Th2 cells, in humoral immunity. The bal-15 kilobases long that contains genes typical of para-
ance between the Th1 and Th2 responses have beenmyxoviruses but also possesses a number of unique
proposed to influence RSV disease progression, immu-genes and sequence features (Collins, 1991). Histori-
nopotentiation, as well as viral clearance, although thecally, studies of the immunology of RSV infection have
details of their contribution remain unknown (Graham etprogressed simultaneously with the molecular character-
al., 1991).ization of the RSV gene products. Early studies identified
RSV infects a variety of naturally occurring cells ofthe surface glycoproteins F and G as the major immuno-
upper and lower respiratory tracts, and appears to in-gens, although circulating antibodies against other RSV
duce the synthesis of a specific set of cytokines fromproteins, such as 22K, P, and N, have also been found.
each kind of cell. Infection of nasal epithelium, for ex-Much progress has also been made in mapping the dif-
ample, led to the synthesis of IL-8, but not IL-6 or TNFferent antigenic epitopes of viral proteins and determin-
(Becker et al., 1993). RSV-infection of alveolar or pul-ing the sequence variability of the antigenic domains.
monary macrophages, on the other hand, resulted inProphylactic treatments such as use of interferons and
the production of TNF-a, IL-6, IL-1, and IL-1 inhibitorimmunoglobulins have showed promise in animal as well
(Becker et al., 1991; Franke-Ullmann et al., 1995). Inas human infections. At the same time, however, these
another study, alveolar macrophages produced IL-10,studies have revealed the complexity of RSV infections,
but not TNF-a, IL-1b, or IL-8 upon RSV infection (Pa-underscored by the lack of a reliable vaccine in spite of
nuska et al., 1995); the reason for this apparent dis-
crepancy in TNF-a secretion remained unclear. RSV-
infected mononuclear leukocytes produced histamine-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (334) 460-6127. E-mail: sbarik@jaguar1.usouthal.edu. releasing factor (Chonmaitree et al., 1991). In recent
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times, attempts have been made to extend these stud- tested, IL-1a, IL-6, and IL-8. Salicylate, a commonly used
anti-inflammatory drug, effectively reduces induction ofies to established cell lines. Infection of human alveo-
lar epithelial cell line A549 with RSV resulted in the these cytokines by RSV. These results have obvious im-
plications in RSV–cell interaction and the immunopathol-induction and release of IL-1a, IL-6, IL-8, IL-11, soluble
TNF-receptor type I, and MHC class I molecules in a ogy of RSV infection and its management.
time and RSV-dose dependent manner (Garofalo et al.,
1996a; Arnold et al., 1994; Elias et al., 1994, this study). MATERIALS AND METHODS
Although the exact mechanism of such induction is
Growth of cells and virusstill unknown, an increase in the steady state level of
IL-8 and IL-11 mRNA was demonstrated, suggesting a The Long strain of RSV, used in these studies, was
stimulation of transcription of the cytokine gene or an grown on monolayers of HEp-2 cells in MEM containing
increased stability of the corresponding transcript. glutamine and fetal bovine serum, as described earlier
Very recently, increased synthesis of NF-IL6, a nuclear (Mazumder and Barik, 1994). The virus was purified by
transcription factor for IL-6 and other cellular genes, centrifugation at 100,000 g for 1 hr in the presence of
have been shown to involve enhanced translation of 0.5 M MgSO4 ; the resultant pellet was resuspended in
preexisting NF-IL6 mRNA following RSV infection, the an appropriate volume of buffer A (50 mM Tris–Cl, pH
mechanism of which is yet to be unraveled (Jamaluddin 8.0, 50 mM NaCl, 0.1 mM EDTA) such that it had an
et al., 1996). infectivity titer of approximately 108/ml. This preparation
In view of the potentially important role of the cellular did not contain detectable levels of cytokines tested, in-
cytokine milieu in viral immunopathology, including the cluding IL-2, -4, -6, -8, -11, TNF, GROa, and RANTES (data
balance between the Th1 and Th2 responses (Graham not shown), and was used in all infection experiments
et al., 1993), our laboratory has concentrated on elucidat- described here. Virus-free supernatants were prepared
ing the fundamental mechanisms of cytokine induction by centrifugation of this preparation at 120,000 g for 2
by RNA viruses. To this end, we have used the defined hr. UV-inactivated virus was prepared by exposing the
cell line A549 as mentioned above, and studied the in- virus suspension to short wave ultraviolet light (Stra-
duction of IL-11 in detail. A multipotent interleukin, IL-11, tagene, CA) to reduce the infective titer by a factor of at
was originally identified in bone marrow stromal cells least 103. Where mentioned, sodium salicylate and aspi-
based on its ability to stimulate the proliferation of IL-6- rin were used at concentrations of 10 and 5 mM, respec-
dependent cells (Paul et al., 1990). The sequence of the tively, as suggested in earlier experiments (Kopp and
7-kb human IL-11 gene has been determined (McKinley Ghosh, 1994). Also where mentioned, phorbol 12-myris-
et al., 1992) and the transcription start site has been tate 13-acetate (PMA) (25 ng/ml) was used in combina-
mapped at residues T and C, respectively, 156 and 155 tion with phytohemagglutinin (PHA) (2 mg/ml) to activate
nucleotides upstream of the translation start codon in NF-kB (Kopp and Ghosh, 1994).
bone marrow stromal cells (Yang and Yang, 1994). The
basal promoter activity in the same cells was dependent Cloning and mutagenesis of interleukin promoters
on the junD AP1 transcription factor that bound to a per-
Regulatory regions upstream and around the pro-fect 10-bp AP-1 recognition motif about 90 nucleotides
moters of IL-1a (1488 bp, including 50-bp-long Exon 1upstream of the mRNA start site. Induction of IL-11 by
and 1438 bp upstream of it), IL-6 (01158 to /11, num-IL-1 in bone marrow stromal cells, however, involved
bered with respect to the transcription start site), andstabilization of IL-11 mRNA, and required various regions
IL-8 (01481 to /1, numbered with respect to the tran-of the mRNA as well as induction of tyrosine phosphory-
scription start site) (Furutani et al., 1986; Yasukawa etlation (Yang and Yang, 1994). In a preliminary report,
al., 1987; Mukaida et al., 1989) were amplified by PCRproduction of IL-11 from the epithelial cell line A549 was
and cloned in the multicloning site of the promoter-shown to be stimulated by IL-1, IL-4, TGF-b, and RSV
less luciferase vector pGL-3 (Promega). Cloning of the(Elias et al., 1994). Retinoic acid by itself had no effect
730-nucleotide-long IL-11 gene sequence upstream ofon IL-11 production but differentially modulated induction
the transcription start site into the pXP2 vector, and theby other effectors: it inhibited IL-1-mediated stimulation,
construction of nested deletions have been describedsynergistically augmented TGF-mediated stimulation,
(Yang and Yang, 1994). Deletion or substituion muta-and was without effect on RSV-mediated stimulation,
genesis of the IL promoters were carried out by thesuggesting the existence of multiple pathways of IL-11
PCR-based ‘‘megaprimer’’ technique as describedinduction. In this communication, we provide detailed
(Sarkar and Sommer, 1990; Barik, 1995).evidence that induction of IL-11 by RSV occurs at the
level of transcription and that the posttranslational activa- Interleukin expression studies
tion of the transcription factor NF-kB by RSV is essential
for this process. An essentially similar mechanism also Where mentioned, A549 cells, grown in monolayers in
complete MEM containing 5% fetal bovine serum, wereseems to be operative for at least three other cytokines
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infected with RSV at the indicated m.o.i. Control cells competition experiments, 100-fold molar excess of the
competing unlabeled ds-oligo was added together withwere ‘‘infected’’ with virus-free supernatants or UV-inacti-
vated virus, as and where mentioned. About 4 hr after the labeled one. For ‘‘supershift’’ EMSA experiments, 0.5
mg of the indicated antibody was added after the forma-addition of the virus, the media was replaced with RPMI
containing 2% fetal bovine serum. At indicated times tion of the DNA–protein complex, and incubation was
continued for another 15 min at room temperature, fol-postinfection, total RNA were isolated from these cells
by the method of Chomczynski and Sacchi (1987), elec- lowed by electrophoretic analysis (Phillips et al., 1996).
trophoresed in denaturing agarose gels, transferred to
Immobilon-N membranes (Amersham), and probed with RESULTS
32P-labeled 1.2-kb-long cDNA, antisense to IL-11 RNA,
RSV infection stimulates transcription of IL-11 geneprepared by assymetric PCR amplification of a IL-11
cDNA clone, as described earlier (Yang and Yang, 1994). As mentioned earlier, IL-11 is one of a number of cyto-
Nuclear run-on experiments were performed using iso- kines whose synthesis is stimulated by RSV infection
lated nuclei, and the newly synthesized 32P-labeled IL- (Elias et al., 1994). At least part of this induction appeared
11 mRNA was quantitated by using membranes on which to involve an increase in the steady state level of IL-11
the antisense cDNA had been slot-blotted (Yang and mRNA (Elias et al., 1994). Since the stability of the IL-11
Yang, 1994). mRNA has been shown to be regulated in bone marrow
The plasmids were introduced into A549 cells with the stromal cells (Yang and Yang, 1994), we first tested
help of Cellfectin (Life Technologies, Gaithersberg, MD) whether RSV has an effect on this process in A549 cells.
when the cells were 70–80% confluent (5 mg CsCl-puri- RSV-infected (and control, uninfected) A549 cells were
fied plasmid and 8 ml Cellfectin per well of a 6-well plate), treated with actinomycin-D, and at various points thereaf-
following the manufacturer’s (Cellfectin) protocol. 24 hr ter, IL-11 mRNA was quantitated by Northern analysis.
later, the cells were infected with purified RSV as de- Results presented in Figs. 1A and 1B show an increase
scribed above. At specified times postinfection, 100 ml in the steady state levels of both the 2.5- and 1.5-kb
of lysis buffer (buffer A plus 1% Tween 20 and 1 mM species of IL-11 mRNA in RSV-infected cells; however,
DTT) was added to each well and the mixture was incu- the half-lives of both species (about 1 and 1/2 hr) re-
bated for 15 min at room temperature. The lysed cells mained essentially unaltered.
were scrapped off and the cytosolic extract was prepared This led us to investigate whether RSV stimulates IL-
by collecting the supernatant following centrifugation at 11 gene transcription by measuring in vitro IL-11 mRNA
10,000 g for 5 min. Twenty microliters of the extract or synthesis in nuclear run-on transcription assay using nu-
an appropriate dilution thereof (made in lysis buffer) was clei isolated from RSV-infected cells (Yang and Yang,
mixed with 100 ml of luciferase assay mixture (Promega, 1994). A densitometric scan of the blot, presented in Fig.
WI) and the luminescence was measured in a lumino- 2, show that induction is clearly transcriptional in nature
meter (Turners Design System Model 2000), as sug- and as in the whole cell (data not shown), increases
gested by the manufacturer. with increasing m.o.i. at least up to 18 hr postinfection.
Moreover, a substantial increase was observed even as
Immunoblot and electrophoretic mobility shift assays early as 6 hr p.i. This last result prompted us to ascertain
(EMSA) whether the induction was due to a nonviral entity, such
as a cellular cytokine, present in the virus preparation,
Lysis of transfected and/or RSV-infected A549 cells to or due to simple binding of the virus to cellular receptors.
produce the whole cell lysate and preparation of nuclear However, neither the UV-inactivated virus nor the virus-
extracts were carried out essentially by the method of free supernatant increased IL-11 mRNA levels (data not
Dignam et al. (1983). Immunoblot (Western blot) was car- shown), suggesting that stimulation indeed required
ried out using 100 mg of the nuclear extract (or whole some form of viral gene activity.
cell extract, where mentioned), using rabbit antipeptide
antibodies against Sp1 and the p50 and RelA subunits NF-kB elements are required for RSV-mediated
of NF-kB (Santa Cruz Biotechnology, Santa Cruz, CA). transcription of IL-11 gene
These antibodies were also used in EMSA-supershift
experiments. In order to map the IL-11 promoter region required for
RSV-mediated induction of transcription, we have em-For EMSA, the double-stranded (ds) authentic NF-kB
oligonucleotide 5*GGGGACTTTCCC3 * or the IL-11 ds- ployed the IL-11 promoter–luciferase constructs de-
scribed earlier (Yang and Yang, 1994). RSV infection ofoligo (sequence described in Table 1) were made by
filling in the termini using a-32P-labeled nucleotides and the transfected cells resulted in a 10- to 15-fold stimula-
tion of the basal promoter activity of the 730-bp IL-11Klenow fragment of DNA polymerase I. Binding was per-
formed with 5–10 ng of labeled ds-oligo and 10 mg of promoter region, suggesting that this region contains se-
quences essential for RSV-mediated induction.nuclear extract as described (Phillips et al., 1996). In
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FIG. 1. Lack of effect of RSV on the stability of IL-11 mRNA. At 18 hr postinfection, actinomycin-D (5 mg/ml) was added to RSV-infected (/RSV)
or mock-infected (0RSV) A549 cells. At various times thereafter (0, 2, 6, 8, and 10 hr, as indicated above each lane), IL-11 mRNA was analyzed by
Northern blot using 32P-labeled anti-mRNA sense DNA strand synthesized in vitro (Yang and Yang, 1994), as described under Materials and Methods.
The same membrane was reprobed with human b-actin cDNA (not shown) to verify the amount of RNA in each lane. An autoradiograph of the two
IL-11 mRNA species is shown in A. A densitometric scan of the sum of the two mRNAs at each time point, expressed as the percentage of the 0
hr amount in the respective graph, is presented in B.
To further delineate the IL-11 promoter sequences re- As marked in Table 1, these two sequences are essen-
tially identical repeats with a T residue separating them.quired for RSV-mediated induction, a series of progres-
sive 5*-end deletions of the promoter upstream region The invariant string of 3 G’s are known to be important
was used (Fig. 3, upper panel). Interestingly, the very first
deletion that removed residues 0730 to 0477 reduced
luciferase induction by nearly 80%. Further deletions had
little effect until the region between 0220 and 0126 is
removed, which reduced luciferase activity down to back-
ground levels. On a closer look, we found two near-
identical 10-nucleotide repeats in the region between
0730 and 0477, both of which matched the consensus
NF-kB sequence motif GGGRNNYYCC, where R is pu-
rine, N is any nucleotide (although T is preferred in the
second position), Y is pyrimidine (Siebenlist et al., 1994).
FIG. 3. Localization of cis-elements essential for IL-11 transcription
induction by RSV. The various deletion (top) and substitution (bottom;
also see Table 1) mutants of IL-11 promoter upstream region, cloned
in the luciferase reporter plasmid pXP2 (Yang and Yang, 1994; thisFIG. 2. Time and m.o.i. response of IL-11 induction by RSV. A549
cells were infected with RSV at indicated multiplicities, and at various work), were transfected into A549. 24 hr later, cells were infected with
RSV at 3 m.o.i. 18 hr postinfection, cells were lysed and luciferasetimes thereafter nuclei were isolated and used in nuclear run-on tran-
scription assay in vitro. IL-11 mRNA synthesized by the nuclei was activity in the extracts were measured as described under Materials
and Methods. Relative luciferase activity in RSV-infected and controlquantitated by slot-blot analysis and densitometry as described under
Materials and Methods. Values are relative numbers and normalized uninfected cells are shown. The numbers represent an average of at
least 3 experiments, with a standard deviation of about {10%.against actin mRNA.
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TABLE 1
NF-kB Elements of Interleukin Promoters and Their Mutants
Luciferase activity
/RSV
Interleukin NF-kB sequence 0RSV /RSV /Sal
IL-1a Wild type 081GGGAATTTAC072 4 100 12
Mutant GCCAATTTAC 2 16 14
IL-6 Wild type 073GGGATTTTCCC063 2 100 8
Mutant GAAATTTTCCC 1 11 10
IL-8 Wild type 080GGAATTTCC072 1 100 5
Mutant CCAATTTCC 1 4 4
IL-11 Wild type 0679TCGGGGTCTCCCTGGGTCTCCCCAA0655 5 100 18
M1 TCGAAGTCTCCCTGGGTCTCCCCAA 5 62 22
M2 TCGGGGTCTCAATGGGTCTCCCCAA ND
M3 TCGGGGTCTCCCTGAATCTCCCCAA 4 55 21
M4 TCGGGGTCTCCCTGGGTCTCAAAAA ND
M5 (M1 / M3) TCGAAGTCTCCCTGAATCTCCCCAA 2 20 16
Note. NF-kB elements in the promoter regulatory regions of the interleukins are numbered relative to the transcription start site. The two NF-kB
sites in the wild type IL-11 promoter (separated by a T) and all mutant nucleotides are underlined. The wild-type and mutant sequences were part
of the IL promoter regions cloned in pGL3 and used in luciferase assays as described under Materials and Methods. For each interleukin, the
highest activity was taken as 100 and other numbers were expressed as its percentage. Note that the numbers for IL-11 are essentially identical
to those of Fig. 3. ‘‘Sal’’ means the presence of 10 mM sodium salicylate during RSV growth. ND, Not done.
in the consensus motif, since their mutation to A or T undertook a number of different but related approaches.
First, nuclear extracts made from RSV-infected cells weredestroy NF-kB binding and function. Therefore, in order
to see whether the NF-kB-like sequences are indeed tested for the presence of proteins that could bind a
consensus synthetic NF-kB oligonuclotide (henceforthimportant for IL-11 induction, we mutated two G’s in each
site into A to produce mutants M1 and M3. Each mutation referred as ‘‘oligo’’) in electrophoretic mobility shift assays
(EMSA). As shown in Fig. 4, the extracts generated awas found to decrease RSV-induced luciferase activity
by about half (Fig. 3; lower panel), while the double muta- major DNA–protein complex of retarded mobility. The
formation of the complex by the RSV-infected cell extracttion (M5) reduced it by about 80%, suggesting that the
synergistic interaction of transcription factor(s) at both of (24 hr p.i.) was prevented by a 20-fold molar excess of the
unlabeled oligo (lane ‘Com’), demonstrating specificity ofthese sites may be important for IL-11 activation by RSV.
In what follows, we provide further proof that this is true complex formation. Extracts of uninfected cells (lane C),
cells treated with UV-inactivated RSV (lane ‘UV’), or virus-and that the transcription factor in question is most likely
NF-kB. free supernatants (lane S) produced substantially lower
amounts of the complex. Sodium salicylate has been
shown previously to inhibit the phorbol ester-inducedRSV infection activates NF-kB
posttranslational activation of NF-kB (Kopp and Ghosh,
The activation of transcription factor NF-kB is primarily 1994). Nuclear extracts of RSV-infected cells that were
a posttranslational event (reviewed by Finco and Bald- exposed to 10 mM salicylate during infection failed to
win, 1995; Verma et al., 1995). In uninduced cells, NF-kB generate the complex (lane ‘Sal’); essentially identical
is bound to its inhibitor IkB and is present as an inactive results were obtained with aspirin at 5 mM (data not
complex in the cytoplasm. Signals that activate NF-kB shown). A combination of PMA and PHA (lanes labeled
phosphorylate IkB, thereby targeting IkB toward proteoly- PMA) rapidly produced the binding activity within 1 hr;
sis and degradation, resulting in the release of NF-kB unlike the RSV-induced activity, however, it subsided
from the complex. Released NF-kB translocates into nu- within 4 hr. This is in agreement with earlier observations
cleus, activating transcription of genes that contain NF- that phorbol esters activate NF-kB in a rapid and tran-
kB sites. Although originally discovered as a transcrip- sient manner and suggests that RSV-mediated activation
tion factor essential for immunoglobulin kappa (k) gene of NF-kB may be more persistent. To examine whether
transcription (hence its name), NF-kB has since been the activation can be caused by any viral infection, A549
shown to be required for the transcription of a variety of cells were infected with vesicular stomatitis virus (VSV),
cellular genes, many of which are cytokines (Siebenlist another nonsegmented negative strand RNA virus that
et al., 1994). belongs to the Rhabdoviridae family. VSV was able to
grow on this cell, as judged by its cytopathic effect inTo investigate RSV-mediated activation of NF-kB, we
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FIG. 5. Activation of IL-11 promoter element-binding activity by RSV
infection. 32P-labeled double-stranded 24-mer oligo corresponding to
the putative NF-kB elements upstream of the IL-11 promoter (lanes 1–
4) or its various mutants (indicated on the top of each lane; See Table
1 for their sequence) were used in EMSA experiments, carried out
essentially as described in the legend to Fig. 4, using nuclear extracts
made from A549 cells infected with RSV for 16 hr (lanes 2–11) orFIG. 4. Activation of NF-kB element-binding activity by RSV infection.
from uninfected A549 cells (lane 1). 100-fold excess of the followingNuclear extracts were made from A549 cells that were treated as
unlabeled ds-oligos were used in competition reactions: consensusfollows, and the presence of NF-kB element-binding activity in the
NF-kB oligo (GGGGACTTTCCC) (lanes 3, 10, 11) and mutant IL-11 oligoextract was tested using the consensus ds-oligo, followed by EMSA
M5 (lane 4). Autoradiograph of the EMSA gel is shown. The smudgyas described under Materials and Methods: infected with RSV for 10
lines at the bottom are from a contaminated plastic wrap and shouldor 24 hr; mock-infected for 24 hr (lane C); treated with virus-free super-
be ignored.natant for 16 hr (lane S), UV-inactivated RSV for 10 hr, or PMA / PHA
for 1 or 4 hr. ‘‘Sal’’ indicates that Na-salicylate (10 mM) was present
during RSV infection for 16 hr. Competition of the nucleoprotein com-
In an attempt to demonstrate the presence of NF-kBplex formed by a RSV-infected cell extract (24 hr p.i.) by 100-fold excess
protein in the nuclei of RSV-infected cells, nuclear ex-unlabeled ds-oligo is presented in the ‘‘Com’’ lane. An autoradiograph
of the EMSA gel is shown. tracts were subjected to immunoblot analysis using a
mixture of antibodies made against the p50 or the RelA
subunits of NF-kB. Results in Fig. 6 (top panel) show aabout 28 hr p.i.; however, VSV infection for 10 hr failed
three- to fourfold higher level of both the subunits into activate NF-kB (Fig. 4), and the same was true for
nuclei from RSV-infected A549 cells (lanes 3, 4) in com-infections as short as 5 hr or as long as 20 hr (data not
parison to uninfected cells (lane 2) or cells mock-infectedshown). Similarly, herpes virus could also infect A549
with virus-free supernatants (lane 5), with UV-infectedcells, but did not induce IL-11 (Elias et al., 1994). These
RSV (lanes 6, 7), or with VSV (lane 10). The total cellularresults further supported an involvement of RSV-specific
concentration of p50 or RelA, however, did not changegene product(s) in NF-kB activation.
Similar EMSA were then performed using a synthetic
oligo corresponding to the 0685 to 0650 sequence of
the IL-11 promoter that contained the two putative NF-
kB sites at its center, and the results are presented in
Fig. 5. A binding activity was again detected in nuclear
extracts from RSV-infected cells (lane 2), but not from
uninfected cells (lane 1) or from cells treated with UV-
inactivated RSV (data not shown). When only the first or
the second putative NF-kB site was mutated (M1, M2 or
M3, M4; lanes 5–8), there was very little effect on com-
plex formation. However, no complex was formed when
FIG. 6. Activation of p50 and RelA NF-kB subunits by RSV infection.
mutations at both sites were combined (M5). Complexes Essentially the same nuclear extracts as in Fig. 4 were analyzed by
obtained with wild-type oligo could be competed out by electrophoresis on a 12% polyacrylamide–SDS gel followed by transfer
to Immobilon-P (Amersham) membrane, which was probed with a mix-excess unlabeled NF-kB consensus oligo (lane 3) but
ture of rabbit antibodies against the p50 and RelA subunits of NF-not with the double mutant M5 oligo (lane 4). The fact
kB (Top) and against Sp1 (Bottom), followed by anti-rabbit antibodythat complexes obtained with the single mutant oligos
conjugated to horse-radish peroxidase. The enzyme was developed by
could also be competed with unlabeled NF-kB consen- the ECL method (Amersham) and the resultant autoradiograph is
sus oligo (lane 10, 11) suggested that binding at each shown. Lane 1 represents a Western blot in which a duplicate extract
as in lane 3 was probed with a nonimmune rabbit antibody.individual IL-11 site involves activated NF-kB.
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appreciably, as measured by immunoblot of the whole
cell extract at 6 hr post RSV-infection (data not shown).
Presence of 10 mM salicylate (or 5 mM aspirin, data not
shown) during RSV growth prevented nuclear accumula-
tion of NF-kB (lane 11). As expected, p50 and RelA levels
increased soon after PMA / PHA stimulation (lane 8),
which subsided by 4 hr (lane 9). Nuclear levels of a
‘‘control’’ transcription factor, viz., Sp1, was unaffected by
any of these treatments (bottom panel, Fig. 6). Together,
these results offer strong evidence that RSV induces nu-
clear translocation of preexisting cytoplasmic NF-kB.
To obtain direct evidence of the presence of NF-kB
in the retarded complexes, we carried out essentially
identical EMSA reactions using the same labeled 36-mer
IL-11 oligo in the presence of the anti-p50 and anti-RelA
FIG. 8. Functional assay of RSV-activated NF-kB ex vivo. A549 cellsantibodies. Both antibodies produced a supershifted
were transfected with NF-kB responsive pBIIxLUC (or unresponsivecomplex (Fig. 7, lanes 3, 4) while a nonimmune rabbit
pfLUC) plasmid followed by infection with RSV (gray bars; white barsantibody failed to do so (lane 2), suggesting the presence
represent uninfected controls) as described in the Results section. ‘‘Sal’’
of both p50 and RelA subunits in the retarded complex. and ‘‘Asp’’ denotes the presence of indicated concentration of sodium
Results presented above demonstrated that RSV-acti- salicylate or aspirin during RSV infection. At 16 hr postinfection, cell
lysates were made and assayed for luciferase activity as describedvated NF-kB is active in DNA-binding in vitro. In order to
under Materials and Methods. Activities are expressed as percentagedemonstrate its transcriptional activity within the context
of the maximal activity (obtained in cells receiving both pBIIxLUC andof the intracellular environment, we have employed a
RSV). Each bar represents an average of multiple experiments, while
functional assay using the plasmid pBIIxLUC, a specific the range bar indicates the lowest and the highest values.
NF-kB responsive reporter plasmid in which synthesis
of luciferase is dependent on two NF-kB sites from the
Ig-k enhancer element (Kopp and Ghosh, 1994). RSV in-
fection of A549 cells transiently transfected with pBIIx-
LUC resulted in a nearly 20-fold induction of luciferase
activity over uninfected controls (Fig. 8). No luciferase
activity was detected using pfLUC, a control plasmid
lacking the kB sites. Furthermore, as shown in Fig. 8,
increasing concentrations of salicylate as well as aspirin
inhibited RSV-mediated luciferase induction from pBIIx-
LUC. In a previous study, both PMA and LPS-mediated
induction of luciferase from this plasmid was shown to
be inhibited by salicylate and aspirin (Kopp and Ghosh,
1994).
Thus, taken together, these results strongly point to the
activation of NF-kB by RSV through a posttranslational
mechanism.
NF-kB elements are required for RSV-induced
activation of IL-1a, IL-6, and IL-8 promoters
We then wanted to carry out preliminary experiments
to ascertain whether RSV-mediated activation of NF-kB
is also important for induction of other interleukins by
RSV. NF-kB elements in IL-6 and IL-8 promoters (Table
1) have been shown to play critical roles in the transcrip-FIG. 7. Detection of NF-kB subunits bound to IL-11 DNA elements.
tional induction of these genes by a number of agentsDNA–protein binding experiments were performed using the same 32P-
labeled wild-type 24-mer IL-11 oligo as used in Fig. 5 (sequence shown (Shimizu et al., 1990; Isshiki et al., 1990; Zhang et al.,
in Table 1), followed by additional incubation without any antibody 1990; Mukaida et al., 1990). A putative NF-kB element
(lane 1) or in the presence of anti-p50 (lane 3), anti-RelA (lane 4), or also occurs 81 nt upstream of the major transcription
nonimmune rabbit antibodies (lane 2). An autoradiograph of the EMSA
start site of IL-1a (Table 1), although its exact functiongel is shown. The initial nucleoprotein complex (in lanes 1 and 2) and
is unknown (Furutani et al., 1986). The regulatory regionsits supershifted bands produced by antibody binding (lanes 3 and 4)
are indicated by circle and arrowhead, respectively. of IL-1a, IL-6, and IL-8 gene promoters were cloned into
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the promoterless luciferase reporter vector pGL3 as de- tion of 0206 to 0129, which accounted for about 20% of
transcription activation by RSV. While a finer dissectionscribed under Materials and Methods. For IL-1a, this
sequence included 30 nucleotides of the exon 1, and for of this region is currently in progress, we noticed four
nearly identical CTTT(T/C)C repeats in this area whichIL-6 and -8, they extended up to the ATG initiation codon.
The resultant plasmids were introduced into A549 cells, may potentially bind a specific RSV-activated transcrip-
tion factor. As mentioned earlier, IL-10 has recently beenfollowed by infection with RSV. Results presented in Ta-
ble 1 demonstrate that these promoter segments con- shown to be induced in alveolar macrophages following
exposure to infectious RSV (Panuska et al., 1995). Wetained necessary and sufficient information for a robust
induction of luciferase activity by RSV, and that the induc- have found that RSV-infected A549 cells also produce IL-
10 mRNA in a RSV dose- and time-dependent manner,tion was strongly inhibited by salicylate. The known or
putative NF-kB sites in the promoters of these genes starting at about 6 hr p.i. to at least 24 hr p.i. tested (data
not shown), and that induction was not achieved by UV-were then mutated as shown in Table 1 by site-directed
mutagenesis in vitro (Barik, 1995). In each case, RSV- inactivated virus (data not shown). Since NF-kB se-
quence elements are found in IL-10 promoter upstreammediated induction of luciferase activity was greatly re-
duced as a result of the mutation, albeit to somewhat region (Kim et al., 1992), we speculate that induction of
IL-10 transcription by RSV may also be mediated throughdifferent extents in different promoters.
NF-kB.
NF-kB subunits belong to the rel family of proteinsDISCUSSION
(Reviewed by Finco and Baldwin, 1995; Thanos and Ma-
niatis, 1995; Verma et al., 1995). The p50 (NF-kB1) subunitThe major conclusions of this communication are: (i)
RSV infection of lung A549 cells activates the transcrip- of NF-kB is produced by proteolytic processing of its
p105 precursor. The RelA (formerly p65), p52 (NF-kB2),tion factor NF-kB, likely through a nuclear translocation
mechanism; (ii) the activation is rapid but persists over c-Rel, and RelB subunits are processed from p100. Very
recently, a novel p55 subunit, related to p50, has beenmany hours; (iii) the activation is essential for the tran-
scriptional induction of a number of interleukins, includ- identified (Phillips et al., 1996). Different members of
these NF-kB family of proteins can form homo- or hetero-ing IL-1a, -6, -8, and -11; (iv) RSV-activated NF-kB trans-
activates interleukin promoters by binding to NF-kB ele- dimers with preferred specificity toward various NF-kB
elements. The exact composition of the NF-kB com-ments in the regulatory regions of the IL promoters
tested. While single NF-kB elements are functional in IL- plexes bound on the IL-11 promoter elements remains
to be determined. However, we presume that at least1a, IL-6, and IL-8 promoters, the IL-11 promoter seems
to be optimally regulated by two such sites; (v) both p50 one p50-RelA heterodimer binds to each NF-kB element
of IL-11, based on the observations that (a) the two sitesand RelA (p65) subunits of NF-kB are activated by RSV
and play important roles in the activation of IL-11 and are essentially identical (Table 1); (b) the double mutant
(M5) was much more defective than the single site mu-perhaps other cytokines; (vi) sodium salicylate and aspi-
rin, two anti-inflammatory drugs, are potent blockers of tants in transcription assays (Table 1) as well as EMSA
(Fig. 5); (c) both subunits were activated by RSV (Fig. 6)RSV-mediated interleukin gene expression. While this
manuscript was in preparation, similar insights into the and found in the DNA–protein complexes (Fig. 7); and
(d) p50 by itself has a much weaker DNA-binding activitymechanisms of RSV-mediated induction of IL-8 gene
transcription have appeared (Mastronarde et al., 1996; (Siebenlist et al., 1994; Thanos and Maniatis, 1995). We
want to emphasize that our findings do not exclude theGarofalo et al., 1996b; Fiedler et al., 1996). Together,
these papers demonstrated essential roles of the RSV- possibility that additional NF-kB subunits may also be
activated by RSV. The slight variation among the NF-kBmediated activation of NF-kB and NF-IL6 transcription
factors in IL-8 induction. Nuclear translocation of the elements of the different interleukin promoters transacti-
vated by RSV (Table 1) may indeed require the recruit-RelA subunit of NF-kB and its DNA binding activity was
also observed. A role of RSV gene expression in this ment of different NF-kB homodimers. Promoters of at
least two RSV-induced interleukins, viz., IL-6 and IL-8,activation was suggested by its reversal with ribavirin,
an inhibitor of RSV replication (Fiedler et al., 1996). Our require both NF-kB and NF-IL6 for full activation (Shimizu
et al., 1990; Mukaida et al., 1990; Mastronarde et al.,results confirm and extend such studies, and provide
direct evidence for a functional activation of the two NF- 1996), and, as mentioned earlier, activation of NF-IL6 by
RSV has been demonstrated recently (Jamaluddin et al.,kB subunits and their essential role in transactivating
multiple interleukin promoters through the respective NF- 1996; Mastronarde et al., 1996).
A variety of other infectious agents, including DNAkB elements. Double NF-kB sites are found in a number
of other promoters, including HIV LTR, p105, and IkB-a and RNA viruses, have been shown to activate NF-kB
in the past few years. The viral examples include HIV-(Baeuerle and Henkel, 1994; Ito et al., 1994). Our deletion
analysis also pointed to the existence of another region, 1 (Roulston et al., 1995), herpes (Rong et al., 1992),
hepatitis B (Chirillo et al., 1996), influenza (Pahl andproximal to the IL-11 promoter and defined by the dele-
AID VY 8582 / 6a37$$$301 05-20-97 10:56:01 vira AP: Virology
377NF-kB-MEDIATED CYTOKINE INDUCTION BY RSV
work (A.V. and S.B.) was presented in the 22nd Annual Medical StudentBaeuerle, 1995), Epstein – Barr (Huen et al., 1995), Sen-
Research Day (August 16, 1995) of the University of South Alabamadai (Megyeri et al., 1995), cytomegalovirus (Yurochko
and received the Clyde G. Higgins Award.
et al., 1995), alphavirus (Lin et al., 1995), Rhinovirus
(Zhu et al., 1996), and human T-cell leukemia and Mo-
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